ABSTRACT: Due to its importance in the pharmaceutical industry, ligand dynamic simulations have experienced a great expansion. Using all-atom models and cutting edge hardware, one can perform non-biased ligand migration, active site search and binding studies. In this letter we demonstrate (and validate by PCR mutagenesis) how these techniques, when combined with quantum mechanics, open new possibilities in enzyme engineering. We provide a complete analysis where: 1) biophysical simulations produce ligand diffusion and, 2) biochemical modeling samples the chemical event. Using such broad analysis we engineer a highly stable peroxidase activating the enzyme for new substrate oxidation after rational mutation of two non-conserved surface residues. In particular, we create a new surface-binding site, quantitatively predicting the in vitro change in oxidation rate obtained by mutagenic PCR and achieving a comparable specificity constant to active peroxidases.
Nowadays, industry sectors demand efficient, cost-effective and sustainable processes and here enzymes pose a promising solution 1 . Industrial enzymes, however, often require additional engineering to increase stability and activity, and to turn off/on specificity. Rational mutagenesis based on mechanistic information, together with directed evolution, have centered this engineering labor 2 . In obtaining mechanistic information, computational studies based on bioinformatics 3 , molecular modeling (quantum and classical simulations) 4 , or de novo design 5 (including combinations with directed evolution 6 ) are gaining importance. This information, however, has been typically limited to the active site. In these regards, rational engineering should aim for a complete description of the enzymatic process: 1) substrate migration and recognition, typically studied by biophysical techniques, and 2) the biochemical reaction, modeled by quantum chemistry methods.
Characterizing ligand diffusion with biophysical modeling has experienced an extraordinary advance.
Motivated by the pharmacological industry, hardware and software development allow today a description of unbiased ligand migration and binding. Most of these developments focused on molecular dynamics algorithms, where microsecond simulations have been reported for several systems 7 . In addition, Monte Carlo studies using PELE (Protein Energy Landscape Exploration) software have produced analogous results 8 . Regarding the biochemical study, mixed quantum mechanics/molecular mechanics (QM/MM) techniques are routinely performed in complex systems 9 which, together with improvement in electronic coupling methodologies, allow for accurate characterization of oxidation and electron transfer processes 10 . Combining such advances in biophysical and biochemical modeling techniques, one can map in detail an enzymatic mechanism 11 and, as we show here, turn this extensive knowledge into enzymatic rational design. In particular, we convert MnP6, a 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) inactive but highly stable at low pH manganese peroxidase (MnP) from Ceriporiopsis subvermispora into an active one. To this aim, we also study MnP4, a less stable (at low pH) but ABTS-oxidyzing MnP from Pleurotus ostreatus 12 .
MnPs are oxidoreductases with industrial interest capable of replacing harsh chemicals in oxidation processes, in delignification/bleaching of wood pulp or degradation of xenobiotic compounds. As in other peroxidases, MnPs have different binding sites. One site, as shown by crystallography 13 , is in contact with the heme propionate ( Figure 1A ). The other one, known as the main heme channel, is located in the heme edge at the distal histidine side. At first sight, the main difference between MnP4 and MnP6 (with 46% sequence identity and 57% sequence similarity) is the C-terminal tail: 29 extra residues in MnP6 block the propionate channel ( Figure 1A ), deletion of which introduces ABTS oxidation in this enzyme at the expense of thermostability decrease 14 .
To begin with the rational engineering study, substrate diffusion and active site search was performed by running the 'unconstrainded ligand exploration and binding site search' with PELE on both enzymes. This task can be run freely using the ready made script with the quoted name above at https://pele.bsc.es 15 . Figure 1B shows the differences in ABTS diffusion between MnP4 and MnP6.
Clearly, MnP4 presents better interaction energies in close proximity to the heme group. As mentioned, lack of oxidation in MnP6 has been rationalized by the extra C-terminal residues, and ABTS oxidation in MnP4 has been attributed to the larger opening in the propionates 14 . The substrate migration, however, reveals the best minimum in MnP4 placed at the main heme channel ( Figure 1C , see also the supporting video), with a second minimum (~7 kcal/mol higher in energy) located at the propionate channel. Even more surprising was the fact that in MnP6 the best bound structures are found in vicinity of the propionate channel, although significantly further away than the structures in MnP4 due to the (extra residues) C-terminal steric hindrance. In MnP6, we find no low energy poses in the main channel as the one observed in MnP4. and MnP6 (blue); distances involve the lowest distance between any two atoms from each molecule.
(C) ABTS bound structure corresponding to the lowest interaction energy in MnP4's main channel.
Following the biophysical study, we performed the quantum (bio)chemistry characterization of the electronic coupling involved in the oxidation process. In MnP4, the best minimum at the heme channel shows 25x better electronic coupling (0.70 E-2 vs 0.27E-3 eV) than the local minimum at the propionate channel ( Inspecting the minimum in MnP4's main heme channel ( Figure 1C ), we find two histidines, H220
and H142, interacting with ABTS's negatively charged sulfonates, forming 1.5 Å and 1.8 Å hydrogen bond (based on optimal pH for MnP4 activity, 3.5, these histidines were protonated). Interestingly, these histidines are not found in MnP6 (finding G139 and N218 instead) or in any long MnP sequences analyzed ( Figure 2B ), while they are present in a few short MnPs (Figure 2A) . Moreover, they are located away from the active site and solvent exposed, making them not a primary choice in mutation studies. For example, both residues do not present a high mutability score in HotSpotWizard This detailed mechanistic knowledge opens new possibilities in engineering MnP6. Thus, we proceed with in silico G139H and N218H mutations and with a local (main channel) ligand exploration with PELE ("local refinement" script at https://pele.bsc.es 15 ). Figure 3A shows the interaction energies for 0.70E-2 eV, respectively. This is almost a three orders of magnitude increase from the wild type MnP6 value, whose best (non-reactive) position was found in the propionate channel. Finally, the double mutant was produced by mutagenic PCR. Enzyme kinetic properties are shown in Table 2 ; the hyperbolic fits used to calculate the steady-state kinetic constants are also shown in Figure   S2 . As predicted, the mutant is now able to successfully oxidize ABTS, despite the access to the heme propionate is still blocked by the C-terminal tail 14 Importantly, the two mutations introduced here only slightly diminished the extreme acidic-pH stability of C. subvermispora MnP6, from 93% to 80% residual activity after 4 h at pH 2, compared with most ligninolytic peroxidases, including P. ostreatus MnP4 that is immediately (< 1 min) inactivated at pH 2 12 . The possibility to catalyze oxidations at acidic pH, strongly increases the biotechnological interest of peroxidases since the redox potential of the heme cofactor increases when the pH decreases. 
In conclusion, developments in ligand diffusion simulations, when combined with quantum chemistry, provide a robust description of the biophysical and biochemical processes in enzymatic catalysis. With such detailed description, we were able to perform MnP6's engineering, which was confirmed by in vitro production and characterization. In this way, we turned an ABTS inactive but highly stable at acidic pH peroxidase, into an enzyme with new oxidizing capabilities by introducing two specific surface mutations far away from the active site. Overall, the capability of conducting such detailed studies underlines the importance of computational modeling in future enzymatic biotechnology.
METHODS
System setup. Crystal structures 4BM1 and 4CZN were selected for MnP4 and MnP6, respectively.
Systems were prepared with the Protein Preparation Wizard 16 , fixing environment dependent protonation states. Heme and ABTS molecular mechanics parameters were obtained from a QM optimization of the system at the unrestricted DFT functional M06 17, 18 and lacvp* basis set level of theory.
Substrate diffusion with PELE (Protein Energy Landscape Exploration). Substrate diffusion and
docking was modeled with PELE, 15 (1099081) were designed with E. coli preferred codon usage (confirmed for other genes expressed in the BL21 strain), and synthesized by ATG:biosynthetics. The two genes were cloned in the expression vector pET23a (+) (Novagen). The resulting plasmids -pET23a-50686 and pET23a-1099081 -were used for expression and directed mutagenesis. E. coli DH5α was used for plasmid propagation, and peroxidases were produced in E. coli BL21 (DE3) pLys, in vitro folded and purified as previously described. 12, 22 Directed mutagenesis. G139H and N218H mutations were introduced in the MnP6 encoding gene by PCR (polymerase chain reaction) using the expression plasmid pET23a-50686 as template. The 5'-CGC GGCT ATC GAT CAT CTT ATT CCC GAG CCC C -3' and 5'-CCC CGG ACT CGA CAA CAC ACC GGT GAG GTC TCG TCG CCG C -3' direct primer (and the reverse primer bearing the complementary sequence) were used, respectively.
Kinetics of ABTS oxidation and pH stability. Absorbance changes during substrate oxidation in 0.1 M tartrate pH 3.5 (optimal pH) were recorded in a UV-160 spectrophotometer (Shimadzu). ABTS oxidation was followed from cation radical (ε 436 29.3 mM -1 ·cm -1 ) formation. All reactions were carried out at 25 °C (using ~0.01 µM enzyme) and initiated by addition of 0. 
